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Introduction
The geological history of the extensive Central Finland Granitoid Complex (CFGC) is yet unresolved although it is crucial considering the evolution of the whole Svecofennian crust. Detailed petrographic, structural and/or geochemical investigations of the rocks within the CFGC have been published only from a few small areas (Aho 1979 , Nironen and Csongrädi 1984 , Nurmi et al. 1984 . The general characteristics of the granitoids of the CFGC have been presented by Front and Nurmi (1987) . The majority of the rocks within the CFGC vary in composition from granite to quartz diorite, but there are also diorites, gabbros, and remnants of schist belts. The extent of the more mafic intrusive rocks and the schists is not known, but they probably are minor in volume. The U-Pb zircon ages of different intrusive rocks within the CFGC range around 1890-1880 Ma (Aho 1979 , Nurmi et al. 1984 , Huhma 1986 ).
The Mäntylä plutonic complex has been treated briefly by Nurmi et al. (1984) . The complex is in the Viitasaari commune, near the northeastern margin of the CFGC, (Fig. 1) . As in the CFGC as a whole, the composition of the intrusive rocks ranges from gabbro to prevailing granite. The complex has been repeatedly an exploration target because of molybdenum and copper showings found in the area.The complex is surrounded by coarse-porphyritic granitoids which occupy vast areas of the whole CFGC. Immediately north of the Mäntylä complex, there is a schist area within the CFGC, consisting of amphibolites, diopside amphibolites, hypersthene gneisses, garnet-cordierite-sillimanite gneisses and quartz-feldspar schists. Pillow structures found in the amphibolites indicate that at least the mafic rocks are volcanic in origin.
By means of contact phenomena and structural overprinting criteria, a relative age sequence can be established in the Mäntylä complex. The older rocks are multiply deformed while the younger ones are only slightly foliated. The mafic rocks are the oldest and the rocks become more felsic with decreasing age, but geochemical evidence indicates a complex origin and evolution for the granitoids. In this study, the emplacement sequence in the Mäntylä complex is considered by means of structural studies as well as (mainly) major element geochemistry.
Intrusive series in the Mäntylä complex
The Mäntylä complex consists of metagabbro, gabbro pegmatoid, monzodiorite, quartz diorite, hypersthene granite, biotite granite, and monzogranite. The metagabbros, the oldest igneous rocks in the complex, occur as irregularly shaped bodies within the granitoids (Fig. 1 ). They are usually massive, but also banded varieties occur, with alternating amphibole/pyroxene-rich and more plagioclase-bearing bands. Brecciating contacts were found between dark and more felsic massive varietes. Main constituents are plagioclase (An^^), hornblende, biotite, diopside, pale amphibole, and hypersthene.
The quartz diorite occurs as an elongate body in the western part of the complex. It is a smallto medium-grained, weakly foliated rock. Main constituents are plagioclase (An 30 ), quartz, hypersthene, biotite, and in places hornblende. The quartz diorite contains xenoliths of diopsidehornblende gneiss. The amount of xenoliths varies considerably: in the northern part the quartz diorite is fairly homogeneous but changes southwards to a schlieren-migmatitic rock in which tonalitic veins, subparallel to foliation, crosscut the gneiss. The diopside-hornblende gneiss may be correlated with the supracrustal rocks north of the complex.
The monzodiorite occurs as two elongate bodies in the northern part of the complex. The rock is porphyritic, with abundant plagioclase (An 33 _ 40 ) phenocrysts 0.5-1.5 cm in size. The rock consists mainly of plagioclase, biotite, quartz, diopside, and in places cummingtonite as an alteration product of diopside. The rock is Nurmi et al. (1984) . 1 = monzogranite, 2 = coarse-porphyritic granite/granodiorite, 3 = hypersthene granite/granodiorite, 4 = biotite granite, 5 = quartz diorite, 6 = monzodiorite, 7 = metagabbro, 8 = supracrustal gneisses, 9 = orbicular quartz diorite. Inset shows the setting of the complex within the Central Finland Granitoid Complex (CFGC), surrounded by schists and gneisses.
generally homogeneous, but in the marginal areas the monzodiorite contains enclaves of finegrained, mafic rock (possibly dike rock). The monzodiorite crosscuts the metagabbros, but the age relationship between the monzodiorite and the quartz diorite is unclear. Towards the contact to the quartz diorite, enclaves of biotite gneiss appear in the monzodiorite, and the rock is schollen-migmatitic at the contact. The biotite gneiss enclaves may be altered inclusions of quartz diorite.
Within the western monzodiorite there are two small bodies of gabbro pegmatoid with strongly variable grainsize (from 2 mm up to 4 cm). Their contacts to the monzodiorite are in places sheared, in places gradating, and magmatic layering can be seen in the rock. The composition of the gabbro pegmatoid varies from leucogabbro to hornblendite; major constituents are hornblende, plagioclase (An«), diopside, and pale amphibole as an alteration product of diopside.
The hypersthene granite occurs as five bodies. Their composition ranges from granodiorite to prevailing monzogranite. The hypersthene granite is medium-grained and usually massive or weakly foliated. Dark, roundish quartz grains and aggregates, 3-7 mm in diameter, are characteristic and give the rock a porphyritic appear-ance. Main constituents are plagioclase (An 24 _ 30 ), quartz, and K-feldspar. Hypersthene occurs as an accessory mineral. Biotite occurs as a brown type which forms symplectitic intergrowth texture with quartz, and as a green variety which is an alteration product of hypersthene. The hypersthene granite usually sharply crosscuts the metagabbros, but in places the contact is migmatitic. The granite at Hirvivuori contains fragments of quartz diorite. At Pitkäjärvi, the hypersthene granite contains abundant feldspar megacrysts, 4-25 mm in diameter. The megacrysts are concentrated in shear zones, and are possibly the result of metasomatic fluid flow.
At Hirvivuori, there is a marginal variety of the hypersthene granite which is characterized by a distinct, penetrative foliation. Because of intense foliation, the rock does not contain any dark quartz grains and aggregates. At the contact between the marginal type and the migmatitic diopside-hornblende gneiss (with quartz diorite as neosome), the diopside-hornblende gneiss has been altered into a garnet-biotite gneiss due to intrusion of the hypersthene granite. In places the neosome is garnet-bearing and granodioritic in composition. The width of the alteration zone is 100-150 m.
There are small molybdenum mineralizations within the hypersthene granite at Lahnanen. Molybdenite occurs in considerable amounts in four small pockets and numerous veins of exceptional composition. This rock type is called garnet orthoclasite (Oivanen and Eskola 1972) . The pockets are 3-20 m in length and 4-8 m in width (at present surface), and the veins are 15-70 cm in width and up to 30 m in length. The veins sharply crosscut the host rock whereas also gradating margins, a few cm in width, were observed in some pockets. The rock consists mainly of perthitic orthoclase (70-90%) and almandine (5-15%). Other minerals are Ferich olivine, biotite, magnetite, quartz and oligoclase. Accessory minerals are zircon, apatite and spinel, the latter in association with magnetite and garnet. Serpentine, epidote and chlorite occur as alteration products of olivine and biotite. Molybdenite occurs as small aggregates. Pegmatite occurs in some pockets. Also nonmineralized garnet orthoclasite was met with. Molybdenite also occurs sporadically at the margins of dark bluish quartz veins in the hypersthene granites. Molybdenite-bearing quartz veins were observed at Lahnanen, Hirvivuori, and Saarilampi.
The biotite granite at Kotanen is mesoscopically similar to the hypersthene granite (i.e., dark quartz grains and aggregates), but the rock is somewhat smaller in grainsize and hypersthene is a rare mineral. Main constituents are plagioclase (An 15 _ 28 ), quartz, K-feldspar, and biotite. Biotite occurs as separate red-brown flakes as well as symplectitically intergrown with quartz, whereas a green variety is unexceptionally intergrown with quartz. There are three Cu-As showings within the biotite granite (see Nurmi et al. 1984) . Another Cu-As showing is at the contact between the migmatitic hornblende gneiss and the marginal variety of the hypersthene granite at Hirvivuori. These small mineralizations are associated with silicification and K-feldspathization.
The reddish, medium-to coarse-grained monzogranite occupies most of the Mäntylä complex. The rock is usually equigranular, but in the center a porphyritic type prevails, with subhedral Kfeldspar megacrysts 5-20 mm in diameter. Main constituents are quartz, plagioclase (An I8 _ 29 ), and K-feldspar. Biotite is the only mafic mineral. Both sharp and gradational contacts between the monzogranite and the hypersthene granites were observed. In places there is a fine-grained (aplitic) marginal variety of the monzogranite at the contact against the hypersthene granitoid. The monzogranite as well as the hypersthene granites are crosscut by aplitic dikes. There is a small, elongate occurrence of orbicular quartz diorite in the center of the monzogranite.
The coarse-porphyritic granitoids surrounding the Mäntylä complex (and occupying a major part of the whole CFGC) are granodioritic to gra- nitic in composition. The granitic rocks are in the eastern and southeastern part of the study area. Up to 80% of the rock consists of large (diameter 1 to 7 cm), anhedral to subhedral feldspar megacrysts. In addition to K-feldspar and plagioclase (An 26 _ 30 ), quartz and biotite are the main constituents. Hypersthene occurs as an accessory mineral. Commonly the contact between the coarse-porphyritic granitoid and other igneous rocks is sheared. However, in places the coarse-porphyritic granitoid clearly crosscuts both the quartz diorite and the hypersthene granite. The contact between the monzogranite and the coarse-porphyritic granitoid is covered by soil.
Structural sequence
A deformational sequence of four episodes, D a -D d , was distinguished in the granitoids of the Mäntylä complex (Fig. 2) . In addition, at least one deformational episode in the supracrustal rocks preceded D a : the diopside-hornblende gneiss xenoliths in the quartz diorite contain a differentiated foliation which is crosscut by the quartz diorite. Penetrative S a foliation can be seen in the marginal type of hypersthene granite at Hirvivuori (Fig. 3) . At Hirvivuori, S a is crosscut at the contact with the monzogranite, indicating that the latter was emplaced after D a deformation. S a can rarely be discerned in the quartz diorite because the foliation in the rock is usually a composite one (S a -S b ).
The prevailing, NW-WNW striking S b foliation is penetrative, or spaced where an older foliation is well developed. In the migmatitic diopside-hornblende gneisses, a few open to tight F b folds were recognized. They are similar in style, with both dextral and sinistral asymmetry, and fold axes plunge gently NW or SE. In the diopside amphibolite at the northern contact of the Mäntylä complex, the penetrative gneissic foliation is folded by F b , and a weak S b schistosity, expressed by biotite flakes, can be seen in the axial plane. S b can be seen in all granitoids of the complex. In the marginal type of hypersthene granite at Hirvivuori, S b crenulates S a and is expressed as a set of dextral shear zones 0.5-2 cm in width (Fig. 3) . Deformation partitioning during D b can be seen as intensely foliated zones in the hypersthene granite. In these zones quartz is recrystallized into fine groundmass.
The monzogranite is non-foliated or weakly foliated in the central part. Foliation intensity increases slightly toward the southern and northeastern marginal areas. Here, the foliation can be seen as a preferred orientation of biotite laths, but the large quartz grains show only slight undulose extinction. The foliation may be partly related to external strain (D b ), and partly to emplacement of the monzogranite.
Steeply dipping S c spaced foliation occurs in narrow zones striking NNE. In the hypersthene granite at Lahnanen, S c crenulates S b in a zone about 400 m wide (Fig. 4) . This zone includes the mineralized garnet orthoclasite veins which are 81 subparallel to S c . Evidently D c deformation controlled the emplacement of the garnet orthoclasite veins. The pockets do not have a preferred orientation; they may be somewhat older than the veins.
Narrow shear zones overprint S c foliation at Lahnanen, and similar shear zones were observed also in the other hypersthene granite bodies. Shear sense and orientation systematics (dextral N-S trending, sinistral E-W trending) was found at Lahnanen but not in the other bodies. The youngest D d structures are shear zones from less than a meter up to several meters in width. The rocks are highly strained and often blastomylonitic in these zones. The trends and dip angles vary considerably (Fig. 2) . Chloritic alteration is common.
Geochemistry
The sample sites for geochemical analyses and symbols of intrusive bodies are shown in Fig. 5 . The hypersthene granites do not differ markedly from each other in their major element compositions (Table 1 ). The mineralized granites (GR1, GR2 and GR4) are somewhat lower in K 2 0 than the ones with no observed mineralization (GR5 and GR6). The biotite granite (GR7) is higher in Si0 2 and lower in Ti0 2 , FeO and MgO than the hypersthene granites; the major element compositions are generally between those of the hypersthene granites and the monzogranite (GR8). In minor elements, the economically most interesting granite at Lahnanen (GR1) is lower in Rb, Th and U than the other hypersthene granite bodies (see also Nurmi 1985) . The Rb, Th and U contents in the garnet orthoclasite (GAROR) are considerably higher than in the host hypersthene granite (GR1), e.g. the median value of Rb (211 ppm) is four times that of Rb in the granite (52 ppm).
The marginal type of the granitoid at Hirvivuori (GR3) is somewhat lower in Ti0 2 , A1 2 0 3 , FeO, MgO and CaO, and higher in K 2 0 than the rest of the body (GR2). The change in composition cannot be due to contamination by the migmatitic hornblende gneiss. More probably the reason for change is an influx of hydrothermal fluids which caused silicification, K-feldspathization, and Cu-As mineralization. In the K 2 0 versus SiO, diagram, the hypersthene granites plot as a fairly coherent group (Fig. 6a) . The hypersthene granites, the biotite granite (GR7) and the monzogranite (GR8) constitute a positive trend. The biotite granite is geochemically closer to the monzogranite although it petrographically and by the naked eye resembles the hypersthene granites. This can be seen in the Rb versus TiO : diagram (Fig. 6b) . The three rock groups may have evolved from a common magma, and the biotite granite apparently represents a transitional type between the two other magma pulses.
The coarse-porphyritic granitoids (GRDR) plot as two groups (Fig. 6) . The felsic group, granitic in composition, differs from the other granitoids in being richer in the mobile elements K 2 0 and Rb as well as in Th and U. The garnet orthoclasite shows a similar yet stronger enrichment of these elements.
The quartz diorite (QDR) and the more mafic rocks are geochemically heterogeneous. Contamination by the supracrustal rocks is probably the reason for the diversity in the composition of the quartz diorite. The monzodiorite (DR) is higher in K 2 0 than the quartz diorite at the same Si0 2 range (Fig. 6a) ; apparently these rock types are not comagmatic. The geochemical heterogeneity of the metagabbros (GB) can also be seen at outcrops e.g. as compositional banding.
• GR 1-6 * GR 7 Fig. 6 . Geochemical diagrams of the rocks in the Mäntylä complex, a) K 2 0 vs. Si0 2 , b) Rb vs. Ti0 2 . Rb as ppm, others as %. GR 1-6 = hypersthene granite, GR 7 = biotite granite, GR 8 = monzogranite, GRDR = coarse-porphyritic granitoid, QDR = quartz diorite, DR = monzodiorite, GB = metagabbro, GAROR = garnet orthoclasite.
Emplacement of the plutonic rocks
The metagabbros were emplaced before D a deformation, but their emplacement with respect to the early foliation visible in the supracrustal rocks is unclear. The monzodiorite intruded contemporarily or somewhat earlier than the quartz diorite, but the geochemical diagrams suggest that the two magmas came from separate sources. The quartz diorite intruded before or during an early D a stage, and migmatized the previously metamorphosed hornblende gneisses. Subsequent emplacement of the Hirvivuori hypersthene granodiorite, during D a , caused a contact metamorphic zone into the migmatitic rock.
The hypersthene granite at Hirvivuori intruded earlier than the other hypersthene granite bodies. Because the hypersthene granites are petrographically and geochemically similar, they probably had a common source. The biotite granite as well as the monzogranite possibly ascended from the same source as the hypersthene granites, but later during D b deformation. The weak foliation visible in the monzogranite suggests intrusion at a late stage of D b . The increase of foliation intensity toward the northeastern and southern contacts suggests forceful (diapiric?) emplacement for the monzogranite.
Contact relationships indicate that the coarseporphyritic granitoids intruded after the hypersthene granites. Considering the geochemical heterogeneity, the coarse-porphyritic granitoids apparently intruded as several pulses during D b deformation.
By the time of D c deformation the plutonic U-Pb isotopic data U-Pb isotopic zircon analyses were made of six rock types, and monazite analyses were made of three rock types (Table 2, Fig. 7 ). The analyses of the quartz diorite, the gabbro pegmatoid, and the hypersthene granite yield ages between 1886 Ma and 1882 Ma (Fig. 7a) . The pooled age of the three rock types is 1885 Ma. The single analysed fraction from the monzogranite (not shown in Fig. 7a ) yields a minimum age of 1870 Ma, and monazite from the same sample gives 1884 ±3 Ma (Table 2) . These results suggest an age around 1880 Ma for the monzogranite. Monazite from the hypersthene granite gives an age of 1869 Ma.
The garnet orthoclasite and the orbicular quartz diorite yield a pooled age of 1876 Ma (Fig.  7b) . Four fractions of the garnet orthoclasite give an age of 1880 Ma. The slightly discordant fractions A, D and F (dashed line in Fig. 7b ) suggest an older component in the garnet orthoclasite. Monazite from the orbicular quartz diorite gives a distinctly lower age of 1805 Ma (see also Aho 1979 
Discussion
The hypersthene granitoids, the hypersthenebearing coarse-porphyritic granitoids as well as the garnet orthoclasite represent a relatively deep and dry source area in the Svecofennian crust. However, the geochemical characteristics of the rocks show that the magmas were derived from different source materials. Only the felsic members, i.e. the hypersthene granites, the biotite granite and the monzogranite, are possibly comagmatic.
The mafic-felsic emplacement sequence started before D a deformation and ended by the end of D b ; this episode occurred 1886 -1880 Ma ago. The small time lapse between intrusions is seen as gradating or sharp contacts instead of brecciating ones (except for the older metagabbros). The successive intrusive pulses migmatized and altered the previously metamorphosed supracrustal rocks. The formation of the 1880 Ma old garnet orthoclasite also gives the age of D c deformation. This example shows how complex structural-metamorphic overprinting may be generated during a relatively short time interval.
The petrological and geochemical similarity of the hypersthene granite bodies strongly suggests a common source. Possibly the emplacement of the monzogranite pushed apart the originally closely arranged hypersthene granites. Push-apart mechanism would explain the slight mineralogical differences between the bodies and also why only some of the bodies are mineralized.
The garnet orthoclasite was previously explained in terms of an alkali-iron-rich remnant liquid of the hypersthene granite magma (Nurmi et al. 1984) . The Mo and Cu anomalies in the hypersthene granite at Lahnanen, measured from bedrock and till samples, concentrate in a WNW-ESE trending zone (Nurmi et al. 1984 ). This trend is approximately parallel to S b foliation. Nurmi (1985) suggested that the chalcophile trace elements (e.g. Mo and Cu) accumulated in the central part of the body , and were later remobilized and enriched by K-rich solutions (fluids). The fluid inclusions in quartz of the garnet orthoclasite as well as in the host hypersthene granite are mostly gaseous-type; the lack of salt-rich inclusions and the scarcity of inclusions in general suggest that the rock was not subjected to strong hydrothermal alteration (K. Kinnunen 1991, personal communication) . This is in accordance with the preservation of olivine in the garnet orthoclasite. These features as well as the sharply crosscutting character of the garnet orthoclasite veins suggest that a remnant melt rather than fluids generated the garnet orthoclasite. The relatively low content of Rb in the host hypersthene granite suggests either that the erosional surface represent a deep section of a differentiated body in which Rb and other incompatible elements concentrated in the upper part, or that these elements were enriched in the garnet orthoclasite melt.
